ABSTRACT -During a recent botanical expedition in the Seychelles archipelago we identified healers using Diospyros seychellarum as a tonic. Since this plant lacks any medicinal record in the current literature, we assessed the cytotoxic potential of D. seychellarum. Using Jurkat cells as a model system we show, by flow cytometry, that treatment with the leaf extract results in mitochondrial depolarization and subsequent loss of cellular membrane integrity. Additionally, by transmission electron microscopy, we show that treatment with the extract results in chromatin condensation, mitochondrial swelling, and loss of nuclear membrane integrity. Through these morphological and biochemical observations we concluded that the extract of Diospyros seychellarum is able to induce apoptosis. While it is difficult to extrapolate a potential pharmacologic function based on the ethnomedical use as a tonic, the ability of this extract to induce apoptosis warrants further investigation of the medicinal properties of this plant.
INTRODUCTION
Plants are an important source for drugs (Kim and Park, 2002; Stepp, 2004) . However, selecting the appropriate plants for examination of pharmacologic properties can be challenging (Schnepple et al., 2006) . Fortunately, ethnobotany can provide clues as to the medicinal properties of plants (Buenz, 2006) . However, because of the generational loss of traditional knowledge (Cox, 2000; Lee et al., 2001) , and the loss of plant resources (Buenz, 2005) , ethnobotanical investigations are becoming more difficult to conduct as time passes. These generational losses will eventually render traditional ethnobotany obsolete (Schnepple et al., 2006) .
Fortunately, alternate methods to employ ethnobotanical knowledge in drug discovery are being developed to circumnavigate many of these challenges. For example, our group has used historic herbal texts (Buenz, 2006 (Buenz, , 2007b Buenz et al., 2006 Buenz et al., , 2005 Buenz et al., , 2004a to re-discover promising ethnobotanical compounds.
The system we use is predicated on the fact that for thousands of years, the medicinal uses of plants have been described in herbal texts (Riddle, 2002) . One of the plants with purported medicinal properties identified through this system was the Maldivian Coconut (Lodoicea maldivica-Pers.) , a plant endemic to the Seychelles.
Recently, we conducted a botanical expedition to the Seychelles to collect the Maldivian Coconut. While in the Seychelles we were informed that Diospyros seychellarum (Hiern) Kosterm. (= Maba seychellarum Hierm) was a potent tonic used as a medicine by the Creole people living in the Seychelles. We found this ethnobotanical report was interesting since until the 1800s the Seychelles were uninhabited islands; and D. seychellarum is found only in the Seychelles. This brief period of inhabitation would not have allowed the time assumed necessary for the generations of trial-anderror testing required for the establishment and development of traditional medicinal knowledge. Since other species of Diospyros are known to contain medical compounds (Mallavadhani et al., 1998) , perhaps, the Creole peoples connected this species to species of Diospyros indigenous to their homelands. Because of this unique situation, we chose to evaluate the pharmacologic potential of the D. seychellarum.
Extrapolating a pharmacologic function of the treatment of a bacterial infection is relatively straightforward (an anti-bacterial agent); however, extrapolating a pharmacologic function for a general tonic is difficult. Thus, under the pretense that pharmacologic agents maintain a therapeutic window between the desired favorable alteration of a biological pathway and unacceptable toxicity, we assessed the extract of D. seychellarum for cytotoxic properties. Our principal assumption was that if there are any potential pharmacologic agents in the plant, we would be able to achieve a dose-dependent toxicity response.
To our knowledge, we report the first formal examination of the medicinal properties of D. seychellarum. Here we show the cytotoxicity of this plant in Jurkat cells, an accepted model to examine cell death (Buenz et al., 2004b; Valavanis et al., 2001) . Through examination of cell membrane integrity, mitochondrial membrane potential, and morphologic analysis we conclude that the extract of the leaf of this plant is able to induce apoptosis. The toxicity of this extract suggests that further examination of the D. seychellarum and perhaps other species of Diospyros is warranted.
MATERIALS AND METHODS

Extract preparation
Extraction of the D. seychellarum leaf was performed as previously described . Briefly, plant samples were collected in the Seychelles Islands (voucher specimen EJB 001 deposited at NY) and preserved in 70% ethanol for one week prior to processing. Samples were macerated and shaken for one hour at room temperature. Samples were then sedimented by centrifugation and supernatant removed. Supernatant was passed through a 0.2 μm sterile filter (Millipore; Billerica, MA). Finally, the solvent was evaporated under vacuum at room temperature.
For the experiments extract was re-suspended in ethanol. Vehicle treatment consisted of ethanol without extract. Prior to application in cell culture, the suspended samples were passed through a 0.2 μm sterile filter (Millipore; Billerica, MA).
Cell culture
Jurkat T lymphocytes (ATCC; Manassas, VA) were maintained in RPMI-1640 (Cellgro; Herndon, VA) supplemented with 10% heat inactivated fetal bovine serum (Cellgro; Herndon, VA) and 1% penicillin/streptomycin (Gibco; Grand Island, NY) at 37°C in 5% CO 2 . Jurkat cells were maintained between 0.1×10 6 − 1×10 6 cells/mL and all experiments were conducted with cells at a concentration of 1×10 6 cells/mL.
Cell death and mitochondrial membrane potential (ΔΨm) by cytometry
Jurkat cells were incubated with D. seychellarum extract (10, 50, 100, 250, 500, 1000 μg/mL) for 18 hr in the tissue culture incubator as previously described (Buenz et al., 2007) . To each sample, propidium iodide (PI;Sigma; St. Louis, MO) was added to achieve a final concentration of 10 ng/mL. The lipophilic dye DiOC 6 (Molecular Probes; Eugene, OR) was used to assess the mitochondrial membrane potential. Cells were treated with DiOC 6 to achieve a final concentration of 10 nM. Dyes (PI and DiOC 6 ) were incubated simultaneously for 45 min at 37°C in 5% CO 2 . Cells were analyzed with a FACScan flow cytometer (BD Biosciences; Mountain View, CA). Light scatter data were simultaneously collected with the fluorescent data. Flow cytometry data analyses were performed with the WinMDI 2.8 (Joseph Trotter, Scripps; San Diego, CA).
Transmission electron microscopy
For transmission electron microscopy, samples were prepared following standard protocol as previously described (Buenz, 2007b) . Briefly, cells were fixed with Trumps fixative for 48 hr then washed twice with PBS. Cells were sedimented by centrifugation and suspended in 2% agar blocks (BioWhittaker; Walkerville, MD). The blocks were then fixed in Trumps for 48 hr, and washed three times in PBS and treated with 1% osmium tetroxide (EMS; Fort Washington, PA) overnight. The blocks were then washed three times with water and treated with 1% uranyl acetate (EMS; Fort Washington, PA), followed by a final wash with water. The blocks were dehydrated with a series of ethanol rinses and two propylene oxide (EMS; Fort Washington, PA) washes, and finally mounted in spur resin (Polysciences; Warrington, PA). After hardening overnight at 60°C sections were cut and mounted on grids (EMS; Fort Washington, PA). Transmission electron microscopy was performed on a Jeol ExII Transmission Electron Microscope (Jeol-USA; Peabody, MA).
RESULTS
D. seychellarum extract reduces cell size and increases granularity
Cells treated with D. seychellarum extract (10, 50, 100, 250, 500, 1000 μg/mL for 18 hr) were examined for relative cell size (forward scatter) and granularity (side scatter). Vehicle treated cells were relatively large, with limited granularity (Fig. 1A) . Vehicle treated cells appeared similar to control cells (data not shown). In contrast to vehicle treated cells, cells treated with 1 mg/mL D. seychellarum extract were smaller, with increased granularity (Fig. 1B) . This reduction in cell size is indicative of dead cells (compare Fig. 1A and Fig. 1B) . Quantification of large cells (live) and small cells (dead) revealed a dose-dependent response to the D. seychellarum extract (Fig. 1C) .
D. seychellarum extract causes mitochondrial depolarization and loss of membrane integrity
To evaluate the mechanism of cell death, extracttreated cultures (10, 50, 100, 250, 500, 1000 μg/mL for 18 hr) were examined for cell membrane integrity and mitochondrial membrane potential (Fig. 2) . Typically, cells undergoing apoptosis will first experience a loss of mitochondrial membrane potential (measured by DiOC 6 ) followed by the loss of membrane integrity (measured by PI). The presence of a relatively large population of cells in the early stages of apoptosis (PIand DiOC 6 -: Fig. 2 ; arrowhead) suggests these cells are undergoing apoptosis and not necrosis (Gottlieb and Granville, 2002) . Quantification of these observations revealed a dose-dependent response (Fig. 3) . Importantly, the dose-response curves of PI and DIOC 6 show that the loss of mitochondrial membrane potential proceeds loss of cell membrane integrity.
D. seychellarum extract induces apoptosis
To examine if the cells treated with D. seychellarum were undergoing apoptosis we analyzed cells treated with 250 μg/mL of extract for 18 hr by transmission electron microscopy (Fig. 4) . There was a lack of electron dense regions in vehicle-treated cells compared to the notable electron dense regions in the nucleus in the extract-treated cells (compare Fig. 4A and Fig. 4D ). This chromatin condensation is typical in cells undergoing apoptosis (Wyllie et al., 1981) . Additionally, in extract-treated cells we observed mitochondrial swelling and disrupted cristae, both hallmarks of apoptosis (Green and Kroemer, 2004; Manygoats et al., 2002) . Finally, close examination of the nuclear membrane revealed that treatment with the extract resulted in disruption of the nuclear membrane bilayer (compare Fig. 4C and Fig. 4F ).
DISCUSSION
Ethnobotanical knowledge is an important tool in drug discovery (Buenz, 2006; Schnepple et al., 2006) . For example, without ethnobotany the novel HIV drug Prostratin (Cox, 1993; Williams et al., 2004) would not have been identified. However, the generational loss of traditional medicine knowledge (Cox, 1993; Lee et al., 2001) and continued destruction of plant resources (Buenz, 2005) are significant impediments to realizing the considerable promise of ethnobotanical techniques for drug discovery. We are unaware of any previous reports regarding the medicinal properties of D. seychellarum in the medical literature. The Creole people in the Seychelles use this plant as a tonic for various ailments. However, the imprecision of this description provides scant ethnomedical information to design appropriate biochemical analyses. Because every medicine has a toxic dose, we elected to examine this extract for cytotoxic properties. The observation that the extract of this plant is able to induce death to Jurkat cells provides intriguing data in support of a possible new chemopreventive or chemotherapeutic.
The results presented here show that an ethanol extract of D. seychellarum was able to induce dosedependent cell death in Jurakt T cells. Because treatment with this extract resulted in mitochondrial depolarization prior to loss of cell and nuclear membrane integrity, we surmised that this extract was inducing apoptosis. However what we have presented here is a cursory analysis. At this point it is not necessary to map the apoptotic cascade involved in D. seychellarum-induced apoptosis, rather it is more prudent to example fractions of this extract and ultimately identify the active compound found in this extract.
Other species of Diospyros contain compounds with chemotherapeutic potential (Mallavadhani et al., 1998) . For example, naphthoquinones have been isolated from Diospyros maritima (Higa et al., 2002) , and these types of compounds support cytotoxic properties (Adeniyi et al., 2003; Ganapaty et al., 2006) . Furthermore, these compounds induce apoptosis (Chakrabarty et al., 2002) through inhibition of DNA topoisomerases (Ting et al., 2003) . However, the metabolites (Buenz, 2007a) , specifically the naphthoquinones, that Diospyros species produce vary greatly dependent on the environment the plants are grown in (Gu et al., 2004) . Thus empirical evaluation of the active components of D. seychellarum is necessary.
The ethnopharmacologic information provided by the Creole people is difficult to interpret because it is generally assumed that the medicinal knowledge of geographic locations these isolated populations represent rich resources for re-discovering plant-based compounds with potential clinical application. Based on the in vitro data described in this report, further investigation of the medicinal properties of D. seychellarum is warranted.
